It is known that a high-fat diet induces an increase in mitochondrial biogenesis in skeletal muscle. To examine the time course of decrease in mitochondrial biogenesis in skeletal muscle after discontinuing a high-fat diet feeding, C57BL/6 mice were fed a high-fat diet for 4 wk and then switched to the control diet for another 3 or 7 d. During the high-fat diet withdrawal period, the protein content of the mitochondrial respiratory chain decreased faster than the fatty acid oxidation enzymes. The mitochondrial DNA copy number remained high for at least 1 wk after withdrawing the high-fat diet. These results suggested that after switching to the control diet following a period of high-fat diet, the increased mitochondrial biogenesis levels are maintained for a few days, and the rate of decline is divergent between the different mitochondrial components. Key Words high-fat diet, mitochondrial biogenesis, skeletal muscle Endurance exercise training induces an increase in the number and size of mitochondria in the skeletal muscles that are recruited during exercise (1, 2). The increase in mitochondria in skeletal muscle minimizes the disruption of homeostasis during exercise, as evidenced by a smaller decrease in muscle glycogen (3). Since muscle glycogen content prior to exercise is associated with endurance performance (4), these biochemical adaptations in skeletal muscle are responsible for the improvement of exercise capacity after exercise training.
Endurance exercise training induces an increase in the number and size of mitochondria in the skeletal muscles that are recruited during exercise (1, 2) . The increase in mitochondria in skeletal muscle minimizes the disruption of homeostasis during exercise, as evidenced by a smaller decrease in muscle glycogen (3) . Since muscle glycogen content prior to exercise is associated with endurance performance (4), these biochemical adaptations in skeletal muscle are responsible for the improvement of exercise capacity after exercise training.
Similar biochemical adaptations are observed in highfat diet-adapted skeletal muscle. The enzyme activities involved in citrate cycle and b-oxidation were increased after high-fat diet consumption (5). Turner et al. also demonstrated that feeding a high-fat diet for 5 or 20 wk significantly increased the content of mitochondrial respiratory chain complex proteins (6) . These high-fat diet-induced adaptations of skeletal muscle contribute to endurance exercise performance (5, 7) .
Although it is generally accepted that the endurance exercise performance is directly related to the muscle glycogen content before starting exercise (8) , Miller et al. reported that endurance running capacity is enhanced by consuming a high-fat diet for 5 wk, in spite of having lower than normal muscle glycogen stores (5) . These results led us to consider that further enhancement of endurance capacity might be possible if a control diet, rich in carbohydrates, was fed to high-fat diet-adapted animals. However, the time course of changes in the increased mitochondrial oxidative capacity after discontinuance of a high-fat diet is not known. Since the highfat diet-induced increase in plasma free fatty acids (FFA) concentration seemed to be involved in mitochondrial biogenesis in skeletal muscle (9, 10) , switching to a control diet might rapidly decrease the elevated mitochondrial proteins. The purpose of the present study was to determine the time course of the reversal of high-fat diet-induced changes in mitochondrial biogenesis after switching to a control diet.
Methods
Animals and experimental procedures. Male C57BL/6J mice (5 wk old) were obtained from CLEA Japan, Inc. (Tokyo, Japan). The mice were housed in groups of four to a standard plastic cage with bedding. Mice had ad libitum access to water and a control diet (CON) or high-fat diet (HFD), and were weighed every week. The cages were maintained in an animal house at the temperature of 2361˚C with a 12-h light/dark cycle (lights were off at 9:00 p.m.). After 3 d of acclimatization, mice were randomly divided into a control group (CON: n58) and HFD group (HFD: n524). The HFD group was fed high-fat diet for 4 wk, and then divided into three subgroups, HFD10, HFD13, and HFD17. Mice in the HFD10 group were sacrificed immediately at the end of the high-fat diet intervention period, whereas the HFD13 and HFD17 groups were sacrificed on day 3 and 7 after the switch from high-fat diet to control diet, respectively. The high-fat diet was prepared using lard, corn oil, sucrose, and casein (32%, 18%, 27% and 23% of total calories, respectively), supplemented with vitamins (22 g/kg, AIN93 vitamin mix: CLEA Japan, Inc.), minerals (51 g/kg, AIN93G minerals mix: CLEA Japan, Inc.) and methionine (4.4 g/kg, Wako Pure Chemical Industries, Ltd., Osaka, Japan). The control diet CE-2 that contained 59% carbohydrate, 12% fat, and 29% protein in terms of calories, was obtained from CLEA Japan, Inc. The energy content of the highfat diet was 5.1 kcal/g, whereas that of the control diet was 3.4 kcal/g. Experiments were carried out in accordance with the guidelines of the Committee for Animal Experimentation in the Graduate School of Sport Sciences at Waseda University (2013-A117).
Tissue preparation. After overnight fasting, animals were anesthetized with sodium pentobarbital (50 mg/ kg). Blood was collected by cardiac puncture, allowed to clot at room temperature and centrifuged at 10,000 3g for 10 min at 4˚C. The supernatant was then transferred to a clean tube and stored at 280˚C for subsequent analysis. Gastrocnemius muscle, plantaris muscle and epididymal adipose tissues were rapidly removed, frozen in liquid nitrogen and stored at 280˚C for subsequent analysis.
Serum biomarker. Concentrations of plasma triglycerides (TG) and free fatty acids (FFA) were determined using kits (Triglyceride E Test Wako and NEFA-C Test Wako, respectively) according to the manufacturer's instructions.
Western blotting. The gastrocnemius muscle was used in this study to analyze mitochondrial protein content, as there were correlations between the level of mitochondrial proteins in gastrocnemius muscle and the endurance exercise capacity (11) . The gastrocnemius muscle was composed of 35.6% type IId, 28.1% type IIB, 20.6% Type IIA and 15.7% Type I muscle fiber (12) . The whole frozen gastrocnemius muscle samples were homogenized in ice-cold RIPA buffer containing 50 mm Tris-HCl, pH 7.4, 150 mm NaCl, 0.25% deoxycholic acid, 1% NP-40, 1 mm EDTA, and protease inhibitor cocktail (Cell Signaling Technologies, Danvers, MA). The muscle homogenates were freeze-thawed three times to disrupt mitochondria. Sample protein concentrations were measured by a BCA protein assay kit (Pierce, Rockford, IL). Samples were prepared in Laemmli sample buffer (Wako Pure Chemical Industries, Ltd.). Equal amounts of sample protein were separated on 10% or 12.5% gels by SDS-PAGE and transferred to PVDF membranes. Membranes were blocked in 5% milk powder/ TBST for 1 h at room temperature and then incubated with primary antibodies overnight at 4˚C. Antibodies against long-chain Acyl-CoA dehydrogenase (LCAD) and peroxisome proliferator activated receptor (PPAR) d were obtained from Sigma (St. Louis, MO) and Thermo Fisher Scientific (Rockford, IL), respectively. Monoclonal antibodies against Complex I subunit, NDUFB8 and ATP synthase subunit alpha (Complex V) were purchased from Invitrogen (Carlsbad, CA). After incubation with HRP-conjugated secondary antibodies (goat anti-rabbit IgG or goat anti-mouse IgG), immobilon Western HRP substrate (Millipore, Billerica, MA) was employed to visualize bands. The membranes were stained with Coomassie Brilliant Blue (CBB) to verify and normalize the protein loading (13) . The results were analyzed by ImageJ software (NIH, Bethesda, MD).
Mitochondrial DNA analysis. DNA was extracted from the whole plantaris muscle sample using the QIAamp DNA mini kit (Qiagen, Hilden, Germany) in accordance with manufacturer's instructions. The concentration of extracted DNA was measured at 260 nm using Nanodrop spectrophotometer (ND-1000, Isogen Life Science, De Meern, the Netherlands). The extracted DNA was diluted to a final concentration of 10 ng/mL in RNase free water. Mitochondrial DNA-encoded cytochrome b primers were synthesized prior to the PCR performed by TaKaRa Ex TaqTM (TaKaRa, Japan). The cycle profile included denaturation for 1 min at 94˚C, annealing for 1 min at 57˚C, and extension for 1 min at 72˚C. The primers for cytochrome b (forward: ATTCCTTCATGTCG-GACGAG; reverse: AGAAGCCCCCTCAAATTCAT) were synthesized by Invitrogen. 18S rRNA was simultaneously measured as an internal standard, using QuantumRNA TM 18S Internal Standards (Ambion, Austin, TX). Equal amounts of PCR products were separated in 2% agarose gel and then visualized with SYBR Safe (Molecular Probes, Eugene, OR). The transcript intensity is expressed relative to 18S rRNA.
Statistical methods. All statistical analyses were car- ried out using SPSS statistical software (version 22.0; Chicago, IL). After data were determined to be normally distributed based on a Shapiro-Wilk test for normality, one-way ANOVA Tukey's test was employed to determine the statistical significance of the difference between groups. If the data did not follow normal distribution, the Kruskal-Wallis non-parametric test was performed. All data are presented as mean6standard error of the means (SE) and considered as statistically significant at p,0.05. Table 1 shows the body weight and epididymal fat mass. A high-fat diet for 4 wk resulted in an increase in body weight (CON vs HFD10, p,0.01) . Body weight decreased significantly and fell to the control value in 3 d after discontinuing high-fat diet feeding. The epididymal fat mass increased significantly with high-fat diet feeding, remained high for 3 d after switching to the control diet, and decreased to the control value by the 7th day (CON vs HFD10 and HFD13, p,0.05 and p,0. 001, respectively). Plasma TG concentration was increased by high-fat diet feeding and decreased to the control value in 3 d (CON vs HFD10, p,0.01) . The HFD increased the plasma FFA concentration significantly (CON vs HFD10, p,0.05). The FFA concentration decreased rapidly after discontinuing the HFD and showed a lower level compared to that of the control group (CON vs HFD13 and HFD17, p,0.05 and p,0.01, respectively). The HFD group consumed on average the same number of calories per day per mouse compared to the control group (13.860.41 vs 12.360.22 kcal, p . 0.05).
Results

Body weight, epididymal fat mass, plasma parameters and food intake
Fatty acid beta-oxidation enzyme and PPARd protein content
LCAD is an important enzyme involved in fatty acid b-oxidation. As shown in Fig. 1A , a high-fat diet for 4 wk resulted in an increase in LCAD protein content (CON vs HFD10, p,0.05) . LCAD protein content remained high for 3 d after discontinuing the HFD and decreased to the control level in 7 d (CON vs HFD13, p,0.01). There was no difference in PPARd protein content between groups (Fig. 1B) .
Electron transport chain protein content
The protein content of one of the electron transport chain protein components, subunit NDUFB8 (Complex I), in the gastrocnemius muscle increased significantly after 4-wk of the high-fat diet and decreased to the control value in 3 d after discontinuing the high-fat diet ( Fig. 2A, CON vs HFD10 , p,0.01). In addition, the protein content of ATP synthase subunit alpha (Complex V) showed an increase after the 4-wk HFD and decreased to the control value in 3 d after discontinuing the HFD (Fig. 2B, CON 
vs HFD10, p,0.01). Mitochondrial DNA copy number
Cytochrome b is encoded by mitochondrial DNA and 18S rRNA is encoded by nuclear DNA. The mitochondrial DNA copy number in plantaris muscle was evaluated by determining the ratio of cytochrome b DNA to 18S rRNA DNA. As is shown in Fig. 3 , mitochondrial DNA copy number increased after 4 wk of high-fat diet feeding and stayed high for at least 7 d after discontinuing the high-fat diet (CON vs HFD10, HFD13 and HFD17, p,0.001, p,0.001, and p,0.01, respectively).
Discussion
Both exercise training and high-fat diet consumption induce an increase in mitochondrial biogenesis in skeletal muscle (1, (5) (6) (7) . Increased muscle mitochondria induced by endurance exercise training were previously thought to develop through a slow process. However, Wright et al. (14) demonstrated that skeletal muscle mitochondrial proteins such as succinate-ubiquinone oxidase and d-aminolevulinate synthase increase significantly after a 3-h bout of exercise, suggesting that exercise-induced mitochondrial biogenesis can occur rapidly. In contrast, high-fat diet-induced mitochondrial biogenesis occurs slowly. It has been reported that significant mitochondrial biogenesis in response to a high-fat diet does not occur until after 4 wk of high fat consumption (9). Hancock et al. showed that increased free fatty acids (FFAs) caused by a high-fat diet result in an increase in mitochondria by activating peroxisome proliferatoractivated receptor (PPAR)d, which mediates a posttranscriptional increase in PPARg coactivator 1a (PGC-1a), a co-transcriptional regulatory factor that induces mitochondrial biogenesis (9) . Subsequently, Koh et al. (15) demonstrated that PPARd increases PGC-1a by protecting it from degradation, binding to PGC-1a and limiting its ubiquitination. Due to these multistep processes, high-fat diet-induced increases in mitochondria biogenesis take approximately 4 wk.
Although higher mitochondrial content in skeletal muscle is beneficial for endurance performance, consuming a high-fat diet for 3 to 4 wk is problematic. The proportionate decrease in carbohydrate intake while on a high-fat diet causes a reduction of muscle glycogen content, and may compromise exercise performance. Thus, it may be ideal to consume a high-carbohydrate diet after a high-fat diet regimen, to increase muscle glycogen content while the mitochondrial content is still elevated. However, the duration of the increase in high-fat diet-induced mitochondrial biogenesis after diet discontinuation is unknown. Therefore, the purpose of this study was to determine the time course of the decline of skeletal muscle mitochondria back to the basal level after discontinuing a high-fat diet. The main findings of the present study are that after discontinuation of the 4-wk high-fat diet regimen, electron transport chain complex proteins returned to control levels faster (within 3 d) than enzymes involved in b-oxidation (within 7 d). The increase in high-fat diet-induced mitochondrial DNA (mtDNA) copy number persisted for at least 1 wk after discontinuing the high-fat diet. These data demonstrate that the high-fat diet-induced increase in mitochondrial biogenesis is short-lived, and the rates of decrease of various mitochondrial components are differently regulated.
As high-fat diet consumption induces an increase in mitochondrial biogenesis by increasing the plasma FFA level through the activation of PPARd, we examined the changes in plasma FFA concentration over time following 4 wk of high-fat diet feeding, to see whether it parallels changes in mitochondrial components. After discontinuation of the high-fat diet, the plasma FFA concentration rapidly decreased to the baseline level, displaying lower values on both the 3rd and 7th days (Table 1 ). Compared to changes in FFA concentration, the protein level of LCAD, which is directly regulated by PPARd, returned to the control level within 1 wk of discontinuing the high-fat diet. As we did not observe differences in PPARd protein content at any time point (Fig. 1B) , the induction of mitochondrial biogenesis seems to be due to the activation of PPARd by raising the plasma FFA concentration. Moreover, the rapid reversal of plasma FFA concentration by withdrawal of the high-fat diet probably resulted in the reduction of mitochondrial biogenesis.
After the withdrawal of the high-fat diet, proteins in Complex I and Complex V of the mitochondrial respiratory chain decreased to baseline values in 3 d (Fig. 2) . It has been reported that several components located in the inner membranes of mitochondria in the heart and liver have similar half-lives (16) . Therefore, the similar rate of decline in the content of these proteins may be due to their same location in the mitochondrial inner membranes. The elevated content of LCAD, a b-oxidation enzyme, was maintained until the 3rd day after diet discontinuation, and returned to the basal level by the 7th day. In contrast to other cellular organelles, mitochondria have their own DNA (mtDNA) that encodes some mitochondrial proteins. Consistent with the results of an earlier study, administering a high-fat diet for 4 wk induced a significant increase in mtDNA copy number in skeletal muscle (Fig. 3) (9) . More importantly, after discontinuance of the high-fat diet, the mtDNA copy number remained high for at least 1 wk. The time course indicated that mtDNA has a half-life of 2 wk, consistent with a previous study (17) . Rabinowitz and Swift (18) showed that mitochondria are complex organelles composed of at least three major structures: the outer and inner membranes, and the matrix, where LCAD is located. Components of each of the three major structures are probably synthesized and assembled in different ways (16, 18) . These differences may explain, in part, the different rates of decline of mitochondrial components in the skeletal muscle after high-fat diet withdrawal. In addition, mitochondrial proteins, including LCAD, can be modified by posttranslational modifications that regulate their enzymatic activity or protein stability (19, 20) . These protein modifications might affect the reversal rates for different mitochondrial components after withdrawal of the high-fat diet. Changes in mitochondrial protein modifications by a high-fat diet should be addressed in a future study.
As the temporary diet change appeared to be tolerated well by the subjects (21), it would be interesting to examine how human endurance capacity would increase in response to a high-fat diet used to induce muscle mitochondrial biogenesis, followed by carbohydrate loading just prior to a bout of prolonged exercise. Long-term high-fat diet intake has been reported to reduce skeletal muscle glycogen content in both animal experiments and human trials (22, 23) . In the former research, when animals were switched to a control diet for 3 d after high-fat diet feeding for several weeks and exhaustive exercise, high-fat diet-adapted rats experienced skeletal glycogen restored to the control diet level and ran longer than control diet-adapted rats (22) . Although we did not measure the muscle glycogen concentration in this study, increasing muscle glycogen after high-fat diet adaptation would be beneficial to endurance performance.
Fatty acid oxidation enzymes readily respond to highfat diets. Miller et al. (5) reported that feeding a high-fat diet for only 1 wk increased muscle 3-hydroxyacyl CoA dehydrogenase activity and endurance exercise capacity, without effects on other mitochondrial enzymes, such as citrate synthase. These results suggest that fatty acid b-oxidation is responsible for the high-fat diet-induced increase in endurance capacity. If so, maintenance of elevated LCAD protein content by itself enhances endurance exercise performance. Future studies that focus on the time course of muscle adaptation to a high-fat diet could increase our understanding of how nutritional modulation can improve endurance capacity.
In conclusion, a high-fat diet-induced increase in mitochondrial biogenesis remains at least for a few days, and the rate of decline diverges between different mitochondrial components.
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